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EFFECTSOFPARTIALKB41SSIONONPERFORMANCE

OFA GASTURBINE

ByRobertC.Kohl,HowardZ.Herzig
andWarrenJ.Whitney

smMARY

Theeffectsofpartialadmissionofthedri~ fluidonthe
performanceofa representativefull-admission,production-typegaB
turbinewereinvestigated.

Insuccessivestudies,theturbinewasoperatedwithfull(360°)
peripteraladmissionandwithadmissionconfinsdto120°and180°of
thenozzleannulus.Thecorrectedpoweroutputandover-alleffi-
ciencyfortheseconfigurationsarecompared.Significanceofthe
turbinelossesisconsideredandthetypesandamountsofloss
encounteredwithfullandpartialadmissionaretabulated.The
occurrenceofturbine-bladevibrationinducedbyfractional-arc
admissionisdiscussed.

Methodsarepresentedforpredictionofover-a13turbine
efficiencyandpoweroutputforanydegreeofpartialadmission.
Thesepredictionsofpoweroutputareaccuratetithin+lpercent
ofcorrespondingobservedvaluesovermostofthespeedrangeand
within*3percentatthehighestspeeds.Efficiencypredictions
arewithin1 pointovermostofthespeedrangeandwithin
=; pointsatthelowerandhigherendsofthespeedrange.These
predictionsindicatemarkedlossesinefficiencyatadmissionof
lessthan180°.

INTRODUCTION

Asappliedtoturbines,theterm“partialadmission”refers
toa configurationinwhichthedrivingfluidisadmittedtoonly
a fractionofthenozzleanuulus.Partial.admissionhaslongbeen
usedinsteam-turbinepractice;however,littlea~licationofthis
techniqueisknowntohavebeenmadetogasturbinesthathave
relativelyhighpressureratiosperstage.Partialadmissionis
oneofthepossiblemethodsthatcouldbeusedforobtaidng

. ..—— -— —-—— ——. _ . .. . ... . . . . .. . . -— —.. —. . . . .——-———----—-



2 NACATNNo.1807

part-loadoperationorpowerregulation.Thismethodcouldutilize
a systemofindividualgasgenerators,eachgeneratordischarging
intoa sectionoftheturbine-nozzleperiphery,thenumberof”gen-
eratorsfireddependingonthegeneralturbinepoweroutputdesired.

An analytical studyof the mannerinwhichnormalturbine
operatinglossesarisewasmadeattheNACALewislaboratcmy
andispresentedherein.Theadditionallossesintroducedbyuse
ofpartialadmissionarealsodiscussed.Thisstudyfurthershows
thattheturbineperformanceatfullandpartialadmissioncanbe
correlatedonthebasisofthelossclifferentials.

M ordertodeterminequantitativelytheeffectofpartial
admissiononturbinepoweroutputandturbineefficiency,a repre-
sentatimsingle-stageturbinewasmodifiedtorestrictthedriving
fluidto120°and180°ofthenozzleannulus.At120°admission,tur-
bineperformancewasobtainedforthreevaluesoftotal-pressure
ratio,a raugeofnozzle-Ml.etpressuresfrom20to45inchesof
mercuryabsolute,aninlettempemtureof800°R,andovera range
ofrotorspeedsthatincludesthedesignrotorspeedascorrected
tostandardconditions.At180°admission,turbineperformancewas
obtainedata total-pressureratioof2.0,aninlettotalpressure
of45inchesofmercuryabsolute,andaninlettemperatureof800°R
overthecompleteraugeofcorrectedrotorspeeds.Performancewith
fullandpartialadmissiaatequivalentoperatingconditionsis
compam?donthebasisofcorrectedpoweroutputandover-alleffi-
ciencies.Becausenoprovisionwasmadeformotoringtheturbine,
rotationallosseswerecalculatedusingapplicablelossformulas.
Validityoftheseformulaswasestablishedbyusingactualloss.
measurementsona smaller,thoughsimilar,turbine.

Partialadmissionisconsideredasa power-reductiondevice.
Themethodsdevelopedforestimatingthelosseswereusedtomakea
studyoftheeffectsofpartisladmissionatvariousdqgwesof
admission;theresultsofthestudyaresununarizedina curveof
powerreducticmplottedagainstefficiency.Thiscurveisthen
superimposedonccqosite-typeplotsrepresentingtheindividual
effectsofthenormallyinteractingturbineoperatingvariables.
Theprocedurepermitsreadycomparisonofpartialaddssionasa
methodofpowerreduction,withothermethodssuchas,inletpres-
sure,pressureratio,androtorspeedonthebasisofflexibility,
rangeofeffectiveness,andover-all.efficiencyatreducedpower
levels.

Thecausesofinducedturbine-rotor-bladevibrationare
brieflydiscussedandmeansareexaminedforminimizingtheeffect
ofvibrationalstressesatresonanceconditions.

.
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Theideal
expressedby

where

ANALYSIS

powerinthe driving fluidofanyturbinemaybe

idealpower=WA&’ (1)

w weight flowthrough

Ash’ isentropicenthalpy
ontotal-pressure

turbine

dropperpound
ratio

Primedsymbolsindicatestagnationstate.
thisanalysisaredefinedinappendixA.)

Useoftheisentropic.enthalpydropbased
assumesthatuseful.workcanberecovered
dischargegasvelocity.

Notalltheweightflowe~ressedin

of~ivingfluidbased

(AU symbolsusedin

ontotal-pressureratio
fromtheturbine-

equation(1)isavailable—
totheturbinefordoingwork.Somefractionofthegasflow
passesthroughtheclearancespacebetweentherotor-bladetipsand
thestationaryturbineoutercasing.Thepresenceofthisrotor-
tipleakageconstitutesa turbinepowerloss.E&iction,separation,
andotherviscouseffectsgiverisetolossesinthenozzleand
rotorflowpassages,whichfurtherpreventrealizationoftheideal
powerinequation(l).

Grosspowerisdefinedasideal
leakageandnozzleandrotor-blading

Themechanismbywhichpoweris
ina turbineisdescribedby

powerminustheserotor-tip
losses.

derivedfromthedrivingfluid

bladepower=W(l-K1)~(Eu,l-Fu,2)

where

K1 percentageofactivegasthroughrotor-tipclearancespace,
constantforanyparticularturbine .

u velocity,(ft/see)

c absolutevelocity,(ft/see)

(2)

— —— –- - -- —- --—-—- —-—-—.— .-.— - -... — — .—–
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Subscriptsm, u, 1, and 2 refertopitchline,tangential,
rotorimlet,androtordischarge,respectively.Barredsynibols
refertoaveragevalues.

Bladep&er andgrosspowersrethesamefora full-admission
turbine. Theyaredifferent,however,fora turbineoperatingwith
partialadmissionswillbesubsequentlyshown.

A partofthebladepowerproducedissodissipatedbyshaft
lossesthattheavailablenetpowerfora full-admissionturbine
maybewritten

netpower= idealpower- rotor-tip

- aerodynamicnozzleand

shaftlosses

Bladepowercanbedescribedby

leakagelosses

rotor-blading

bladepower=netpower+ shaftlosses

losses

(3)

(4)

Surmuarizedinschematicfozminfigurel(a)aretherelations
betweenthevariousconceptsofturbinepowerforfulladmission.

Forgreaterutility,theperformancedataarepresentedas
correctedtoa constantreferencestate.Thereferencestatecom-
monlyChosenandusedhereinisstandardsea-levelconditions.

AtconstantMachnumber

v V. ‘o
~=&T=c=m

(5)

where

v anygasvelocitytermobserved,(ft/see)

a velocityofsoundatobservedconditions,(ft/see)

Y ratioofspecificheatsofgas

g accelerationduetogravity,32.174,(ft/sec2)

R -S constant,53.345,(ft-lb)/(lb)(%)

T te~eratureobserved,(%)

.

.
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NACATNNO. 1807 5

ThesubscriptO referstocorrectedconditionsatNACAsealevel
ineachcase.

Therefore

where8 isthetemperaturecorrectionratio,T/To.

e
P()=’P~

where

P massdensity,(slugs/cuft)

5 pressurecorrectionratio,p/p.

P absolutepressure,(lb/sqft)or(h. I@)

Ifo=m’
5

Ash’
‘s%’ ‘T

(power)(Power).= ~fi

(6)

(7)

(8)

(9)

(lo) ‘

Correctionofanyperformanceorlossexpressioncanbemade
by correctingthetermswithinthatexpressionwhicharevariable
withchangesinaptitude,asindicatedinequations(5)to (10).

Ifthepressurerelationsthroughouttheturbinearemain-
tainedconstant,thecorrectionofperformanceorlossexpressions
toequivalentsea-levelvaluesmay’bemadebyusingcorrection
factorsbasedonthegaspropertiesatsomeconvenientreference
pointintheturbine.Thereferencepointselectedistheturbine
inlet.5t theperformanceorlossexpressionmaycontainterms
involvinggaspropertiesatlocationsotherthanatthereference
pointdoesnotalterthevalidityoftheprocedureforitcanbe
shownthatchangesoftemperature,pressuxe,andl&chnuniberatthe
referencepointaregenerallyreflectedbysimilarchangesthrough-
outtheturbineinmostpracticalapplications.

.—.——..-. . . . . . ...——— —.. —— ___ ._. ._ — .—-. ...— —,, ———. —.-.
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Full-AdmissionTurbinePerformance . N

q.,
h thecaseofa

sion,theidealpower
turbineoperatingwithfull-peripheraladmis-
outputcorrectedtosealevelisexpressedas

.

WAsh’
(idealpower)O=—

~&E
(1.1)

wheresubscripti referstotheconditionsattheinletmeasuring
station.

Iasses.- ‘Theprincipleturbinelosseswithfulladmission
thatmustbesubtractedfromthe

1.rotor-tipleakageloss

2.nozzleandrotor-blading

idealpowerare:

aerodynamiclosses

3.“shaftlosses,whichfora full-admissionturbineinclude

(a)

(b)

disk-windageloss

bearingloss

(1)Rotor-tipleakagelbss:Thepercentage
thatpassesovertherotor-bladetipsmaybeestimatedbyt~ fol-
lowing~ressionasindicatedinreferencesland2:

ofactivegasflow

percentageofactivegasflowthroughtipclearancespace

100 c (u)
‘nzsinflz+c
= K1

where

c bladeradialtipclearsace,(I%)

n thic.lmesscoefficient(unityforreactionturbines)

2 rotor-bladel’ength,(ft)

92 rotor-bladeexitanglerelativetoplaneofrotordisk
measuredatpitchline,(deg)

.—.— ——. — — -—..- . — —.,
,.



NACATNNo. 1807 7

Theleakagepowerlossistakenastheproductoftheleakage
1 gasweightflowandtheisentropicenthalpydropbasedonthe

total-pressureratioacrosstheturbine.Theleakagelosswas
calculatedbythee~ression

leakageloss=KIWAshl (X3)

Inordertocorrecttosea-lewlconditions,theloss,as
obtainedbytheprecedingexpression,ismultipliedbythefactor
1

81Jq”

(2)I?ozzleandrotor-bladingaerodynamiclosses:Friction,
separation,andotherviscouseffectsresultinlossesasthey
affectthegas-velocitycomponentsinequation(2)inanyoperating
passage.Inthistivestigationtheselossesarenotdirectly
detemined.

(3)Shaftlosses:

(a)Disk-windageloss.Thedisk-windage(disk-friction)
losswastakenasthepower’requiredtorotatethe
rotordisk,withoutblades,againstthefrictional
dragoftherelativelystagnantgasesintheclear-
ancespace
powerloss
expression

oneachsi& of-therotordisk.This
mayberepresentedbythefollowing
adaptedfromequation[7]ofreference3:

diskpowerloss=. %l(*jO”u (-.j%%d (14,

where

K~~ empiricalconstantfordisk-windagelosstobedeterminedfor
AA

= particularturbinebytests

d rotor-diskdiameter,(ft)

v absoluteviscosity,((lb)(sec)/sqft)

N rotationalspeedj(rpd .

Subscriptsh and d refertothe
fluidsurroundingtheturbine-rotor

blade-rootposition
disk,respectively.

andthe

.-.—— — ——. . . . ——-. . .,--. .-. .-– -y —. ,.,- .-___- —---- —. .. . -—-——..—



8 NACATNNO. 1807

Byuseofequations(5)to (10)andtherelation
(K)

vi i’0“6
#g~,

whichisvalidfortherangeoftemperaturesnormallyencountered
inturbtieoperation,thepowerlossascorrectedtostandardsea-
levelconditionsmaybewrittenas

powerloss‘K~~(-~”U (’Sd~pd5i0.8~i0.632 ‘H)

(b)13earingloss.Itwasassumedthattheentirefric-
tionallossofthebearingsappearedasthe
observedtemperatureriseofthelubricatingoil.

bearingpowerloss=W AToilCp,oil oil (16)

where

CP specificheatat

ATofl temperaturerise

*

constantpressure,Mu/(lb)(OF)

oflubricatingoilinbearings,‘F
.

consideredtobeconstantatanyaltitudeThi8powerlosswas
(anddegreeadmission);therefore,nocorrection

Turbineover-allefficiency.-Theover-all
turbinemaybedefinedas

7’ = netpower
idealpower

factorisused.

efficiencyofa

(17)

where~’ istheefficiencybasedontotal-pressureratio.

with

Partial-AdmissionTurbinePerformance

Theidealpowerinthedrivingfluidofanyturbineoperating
partialadmissionmaybeexpressedby

(idealpower)F=WFAsh’ (18)

wherethesubscriptF referstopartialadmission.

A basicassumptionmadeintheestimationofturbineperfom-
anteatvariousdegreesofadmissionisthattheweightflowof

—.— - .— . —— —--——- -–-——— ——–.—,’.



w TNNo.1807 9

drivingfluidisdirectlyproportionaltothenumberofactive
nozzlepassages,thatis,tothefractionofactivenozzlearc.
(Damobtainedatpartialadmissionbearthisoutexperimentally.)

Ofthemajorturbinelossesthatoccurwithfullperipheral
admission,therotor-tipleakagelossandthenozzleandrotor-
bladingaerodynamiclossesasdefinedareproportionaltothe
numberofactivenozzlepassages;whereastheshaftlossesare
independentofthedegreeofadmission.

Then,underfixedconditionsofinlet-gastotaltemperature,
inlettotalpressure,total.-pressweratioacrosstheturbine
wheel,androtativespeedofthewheel,thegrosspoweroutput
withnolossesmustbeproportionaltotheweightflow
tothedegreeofadmission.

(grosspower)F=F (grOSS p0Wer)3600

andhence‘

(19)

whereF isa fractionoftheactivenozzlearcandthesub-
script360° referstofulladmission.

Losses.-A turbineoperatingwithpartialadmissionissub-
jecttocertaininherentlossesinadditiontothenormallosses
encounteredh a full-admissionturbine.

Additionallossesencounteredwithpartialadmissioninclude:

(1)punpingorwindagelossininactiverotorblading

(2)driving-fluidlosses,whichinclude

(a)scavengeandeddylossesduring
empt@ngofrotorblading

fillingand

(b)lossduetodiffusionofgasesatnozzledischarge
(primarilyencounteredinreaction-typemachinss)

Forthesestudiesthescavenge,eddy,anddiffusionlosses
havebeenconibinedandconsideredintheaggregateasdriving-
fluidlosses.

.
Correlationofdataforrunswithdifferentdegreesofadnis-

sionrequiresa quantitativestatementofthesecombinedlosses,
thereftiementofthecorrelationbeingdependentontheaccuracy
andthecomprehensivenessofthesurveyofthesequantities.

-—-————— -. - —.. . ... . ---—-— -——-.— —---— . —.—. .
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(1) Rmpingloss:-~j windage,or
bytheinducedcirculationofthenonworking
rotorpassages.Theexpressionthatisused

NACATNNO. 1807

fanninglossiscaused
gasesh theinactive
toestimatethisloss

issimilartothegeneral-formlistedinreference4, (equation(7),
p.201)andstatesthat

(20)

where

A empiricalconstant,dependinguponinactivebladeshrouding

D pitch-linediameter,(ft)

Whentheaqmessionforpwupingpuwerlossisoorreotedfor
sea-levelconditionstheequationis -

P-wP@3

(2)Driving
a full-admission

blade

powerloss=
‘k) ~(’~’.’,-,’ * ’21)

fluidloss:Thepowerproducedbythebladi.ngof
turbinemaybeexpressedas

power=
[

W ~ (–~,1)3600 1-(~,2)3600 (22)

Thisexpressionmaybewrittenas

bladepowerperblade

rT

= K1ll
I ‘i‘{CX,1360

[ J
) 0 (@3600 - (cu,2)3600 (23)

‘h

where
YFllwl

‘III= 60b =
‘~

___ — —— --: .,—..-
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Kml empirical.constantfordriving-fluidlossestobedetermined
forparticularturbine

r radius,(ft)

b totalnumberofrotorblades

Thesubscriptsx,h, and T refertoaxial,inner-radius(blade
root)position,andouter-radiusposition,respectively.

Asunbarredsynibols,(cX,l)3600~(~,1)3600>~d (cu,2)3600
representthevelocitiesofthegasesatanybladeheightfrom

F1root rh totip rT. bcludedh co~t~t KI1l is =~ which
Pi

wasfoundtobeessentiallyconstantoverthespeedrange.

Therefore,thebladepower
sionmaybefoundbysumingup
alltheblades.

(blah

outputofa turbineatfulladmis-
theindividualpowersdevelopedby

B.b‘T
= KI1l

Zz ~i‘(CX,l360 [ 1)o(cu,~)3@-(cu,2)3~00(24)
B=Orti .

U

whereB isthennmberofactiverotorbladesatanyinstant.

Lossesoccuastheresultofthescavengingactionthatmust
takeplaceasa previouslyinactiverotorpassageenterstheactive
arcofonerotationalcycle.Therelativelystagnsmtgases
entrappedinthepassageduringtheinactivearcofthecycleare
displacedbytherecurrhg.activefluidflow.Thisdisplacement
processrequiresa rapidaccelerationofthedisplacedgasesanda
concurrentmixingwiththe-displacinggasesthatoccasiona momen-
tumloss.

Atthecompletionoftheactivearcofthecycle,thereverse
occursandisa~companiedby
flowthroughthechannelsis

Thelosseswithpartial
ofactiveandstagnantgases

theformationofeddesastheactive
reducedandfinallycutoffentirely.

admissionresultingfromthemixing
aremanifestedaschangesinthe

. . . ..—.— -. ,————- -- ..—--- ——-——--——. .— -——.- .——-———-—-—.- ----— ——.——,.
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velocitycomponentsofthedriving
andrepresentunavailablepowerin

NACATNNo.1807

gasesthroughtheturbinerotor
thedrivingfluid.

Anadditionallossmaybeintroducedina reaction-typetur-
bineinwhichthereisa tendencyforsomeofthedrivingfluidto
diffuseatthenozzledischargeandtospreadthroughouttheclear-
ancespacebetweenthenozzlesandtherotorblading.Thesub-
sequentlossresultschieflyfromtheunfavorablerotor-inlet
velocitycomponentofthesediffusedgases.

Eachoftheselosseshasa comoncharacteristic,whichper-
mitsthemtobegroupedintoa singleaggregateloss.Therelating
characteristicisthatthema~tudeofeachlossisa functionof
theproductofthegasdensityandtherotorspeedtothefirst
power.

1scavengingloss

eddyloss 1‘f(KIII~fN)I
diffusionloss

Theselossesinthedrivingfluiditself,whichhavebeen
designateddriving-fluidlosses,arethusdistinguishedfromthe
shaftandtipleakagelossesh thetext.Tkivimg-fluidlossesare
notreliablyorreadilyevahmtedfromgas-statemeasurements
becauseofthemixingactionofthegasesthatproducesthem.
Accordingly,theymustbeexperimentallydeterminedsmdcompared
witha genemlexpressiondevelopedtodescribethem,asfollows:

Grosspowerandbladepowerareseentoberelatedbythe
equation

grosspower=bladepower+ driving-fluidlosses (25)

Because-at360°awssiontiergarenosignificant&i~-
fluidlosses,thedriving-fluidlossescanbedeterminedfrom
equations(19)and(25)&

(driving-fluidlosses)F=F

Useofpowerexpressions

(bIadepo~r)~600- (bI-adepower)~

(26)

correctedtosea-levelconditions
resultsinevaluationofdriving-fluidlossescorrectedtosea-
levelconditions.

.

---- — ————.— —.. _ ._ _. -. .. _,, ., .. . .
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Thisequationisusedtoevaluatethedriving-fluidlossesdue
topartialadmission.Thedriving-fluidlossesrepresentthe
amountbywhichthebladepoweroutputatpartialadmissionfails
toequalthefractionoffull-admissionpowerrepresentedbythe
admissionratio.

A moregeneralexpressionthatdefinesthedriving-fluid
lossesmaybedeveloped.Fromequations(24)

(driving-fluidlosses)F

and(26),

1
= FK~~@Tp I_ 1/

- (cx,l)3600(c@)3600- (%,2)360°
B=O~

-1-B=bF’‘T
-K~@iN

11 [“”(cx,l)F(CU,l)F -

1

(CU,2)F]

B=O rh -1

(27)

wherethenuniberofactivebladesatanyinstantB equalsFb
=d (Cx,l)F,(cu,l)F)‘d (cu,2F) arethegasvelocitiesthat
arepresentatthatdegreeofadmission.

Equation(27)expressesthedifferentialbetweenthepower
outputwithnozzle-arcreductionaswouldbe.indicatedonthebasis
ofreducedweightflow~d theactualpoweroutputaswouldbe
observedforthatsameamountofnozzle-arcreduction.Forfixed
conditionsofgasstateandrotorspeed,goodcorrelationis
obtainedM thispowerdifferenceisconsideredtoincreaselin-
earlywiththeamountofactivenozzlereductionovertherangeof
practicalreductions.

(driving-fluid10SSeS)F 1-F
(driving-fluidlosses)G- 1-G

(28)

whereF and G are
particulardegreesof

Thenetobserved
nowbewritten

thefractionsofactivenozzlearcforany
admission.

-meter poweratpartialadmissionmust

— .—.— . ..— .— .— ~ .— -.. ——— —... . — .. ..— —



14 NACATNNo.1.607

(netpower)F= (idealpower)F- (rotor-tipleakageloss)F

- (nozzleandrotor-bladinglosses)F- (shaftlosses)F

Thisequation
turbines.

Fromthe

- (driving-fluidlosses)F (29) ~

correspondstoequation(3)forfulL-admission

precedingdiscussion,

(netpower)F=F(grossp0W0r)ZJ600

(shaftlosses)F- (driving-fluidlosses)F (30)

Powerandefficiencyestimation.- Equation(30)indicatesa
procedureforestimatingturbinepoweroutputatanydegreeof
admissionfromtheturbineoutputwithfulladmissiaoncethe
driving-fluidlosseshavebeendetermined.

Over-allefficiencyfora turbineoperatingwithpartial
admissionthen,iscalculated,

“=-

Efficiencyestimationsarebasedonthe
ratiooftheefficienciesofanytwodegrees

(31)

assumptionthatthe
ofadmissionis

proportional.totheratiooftheobservedpuwersperpoundof
drivhgfluiddevelopedattheseadmissions.Theeqyation

.

()‘F7*F _ &
p3600

()

q’360° —
‘360°

(32)

coMParestheefficiencyforpartialadmissionwithfull-admission
data.

Because,aspreviouslydiscussed,theweightflowisassumed
proportionaltothedegreeofadmission,equation(32)becomes

.

.— ..— --- .—— —.
,. ,.
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.

()1 ‘F~?F=. —
F p3600T’3@

1.5

(33)

Power-ControlParameters

Fora giventurbine,powerisa functionoftheindependent
variablesasstatedby

Pi‘
power= f (Rei,q) 7)Pi’j~ 1?,Ti’,F)

where

(34)

Re Reynoldsnumber

M Machnumber

andthesubscripte referstoturbinedischarge.

Oftheseparameters,turbine-inletpressure,turbtiepressure
ratio,rotorspeed,turbine-inlettemperature,andcombinationsof
anytwoormoreofthesevariablescanbeusedforpowercontrol.
Itisofinteresttocomparetheturbineperformanceusingpartial
admissionasa powercontrolwiththeturbineperformanceobtained
byusingtheseotherparameterstoachievepowerreduction.

Theindividualeffectsofthenormallyinteracthgturbine
operatingvariablesmaybeisolatedbyallowingtheseintipendent
parameterstovaryoneata timewhilema~tainingtheotherparam-
etersconstant.Thesemethodsofpowercontrolmaythenbecom-
paredwithpartialadmissions.

Turbine

Forthisinvestigation,theturbineusedwasobtahedfroma
comercial-typejet-propulsionengine.Theturbinecomponentsare
theturbine-rotorasseniblywithbearingsandbearingsupports,the
turbine-nozzleassemblyandstationaryshroud,andthecoribustion-
chambercasingwithfuel-nozzlering.

—.—. ... ——- –. —.—-- —.— — . . - .-— —-— —— ——.



16 NACATNNo.1807

Theturbiaerotor(fig.2)has54taperedblades2*incheslong

andhasanover-aXLdiameterofl+ tithes.Theturbineisequipped

withreaction-typeblading;theamountofreaction,however,is
slight. Theturbine-nozzleassemblyconsistsof48nozzleblades
witha heightof2*inches.Thenozzlebladesareheldinposition
byaninnerandanoutershroudband.Thenozzlebladesarepre-
cisioncastandtherotorbladesaremachined.Thesurfacefin-
ishesofeachconformtothegeneralstandardsfortheparticular
methodsoffabdication.Detailsoftherotorandnozzlebladesare
showninfigure3.

Provisionwasmadetoinstallgasbaffles
toeffectpartialadmission.Twoviewsofthe
120°activenozzlearcareshowninfigure4.

Thenozzlering,having48nozzleblades,

inthenozzlesection
arrangementwith

allowspositioning
ofbafflesegmentssothatforactivenozzle-arcreductionin
10
7Z increments,a nuniberofwholenozzlepassagesisaotive.Thus
thebeginningandthecut-offofadmissionalwaysoccuralonglead-
ingedgesof,ratherthanbetween,nozzleblades.(Seefig.5.)

Setup

Theover-alltestsetupusedfortheinvestigationisshown
infigure6. Pressurizedair suppliedbythelaboratorycombustion-
airsystemwasintroducedintoanexternalhot-gasproducerinto
which62-octanegasolinewastijectedandburned.Thecombustion
prodnctsprovidedthedrivingfluid,whichthenenteredtheturbine
assenilil.ynoimaltotheturbineaxisandflowedintothenozzle‘
approachsectioninwhicha honeyconib-typeflowstraightenerwas
installed.Duringthisinvestigation,theengineburnerlining
wasremovedfromthenozzleapproachsectionandnoburningwas
conductedatthislocation.

Fromthenozzleapproachsection,thedrivinggasesthen
passedthroughthenozzle-sandtheturbinerotorandintothedis-
chargesection.Theturbine-dischargesectionconsistsofanouter
cylindricalshellwithaninternaldiameterthesameasthatofthe
turbine-wheelstationaryshroud,andaninnerconicalpiece
30incheslong,whichhasa basediameterthesameastheroot
diameteroftheturbine’wheel.Turbinebackpressureswereset
bythrottlingtothelaboratorylow-pressureexhaustsystem.

,,

●
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Thepowerproduced
current-typeabsorption

bytheturbtiewasabsorbedbyaned.dy-
~ter (fig.6).

17

MeasuringA_tus

Weight-flowmeasurements.-A standardA.S.M.E.flat-plate
submergedorificeintheI-2-inchcmbustion-airdnctupstreamof
thehot-gasproducerwasusedtomeasuretheairflow.A cali-
bratedrotemeterwasusedtomeasurethequantityoffuelburned
toheattheinletair~ theexternalhot-gasproducer.

Theturbineinstrumentationusedforthesestudiesisshown
infigure7.

Nozzle-inletsection.-Fourquadruple-shieldedchromel-
alumelthermocoupleswereequallyspacedaroundtheannularnozzle
approachsection6 inchesinfrontofthenozzlesectiontomeasure
theturbine-inlettotaltemperatures.Thesethermocoupleswere
sufficientlyrammedfromtheflameregiontoavoidradiation
effects.

Fourstatic-pressuretapsintheoutershellofthecombustion
chamberinthesamecross-sectionalplaneastheinlet-temperature
thermocouplesmeasuredtheturbine-iml.etstaticpressures.An
arithmeticaverageofthesereadingswastakenastheinletstatic
pressure.Fortherunswithreducednozzlearc,onlythestatic-
pressuretapsdirectlyupstreamoftheactivenozzleswereused.

A total-pressureprobelocatedinthenozzle
about2 inchesupstreamoftheactivenozzleswas
totalpressuresduringturbineoperation.,

Noinstrumentationwasinstalledintheflow
thenozzlesand.therotorblading.

approachsectim
usedtosetinlet

regionbetween

Turbine-rotorsection.-A thermocoupleandstatic-pre$sure
tapeachwerelocatedinthespaceonbothsidesofthediskh
ordertoobtainmeasurementsusedtocalculatethedensityofthe
gasesmrroundingtherotordisk.!l!hese.observedquantitieswere
consideredrepresentativeofthestagnationconditionsofthegases
intheselocations.This*t mmentationwasinstalledonlyfor
therunswith120°admissionandthedataobtainedwereappliedto
thefull-admissionruns.Littlechangeofthegasstateat‘these
locationsislikelytooccurbecauseofvar@ngtheamountofgas
admission.

-——— . .._— —— . —-——— —— ..- ——. -. .-.—— —— ----- . .- ----
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Turbine-dischargesection.- Sixstatic-pressuretapslocated

intheplanenormaltotheturbineaxis,~ inchesdownstreamof
thedischargesideoftherotorwheel,indicatedthedischarge
staticpressures.Threeofthetapswereinstalledintheouter
cylindricalwallat120°fitervalsandthreeintheInnerconical
pieceatthesameangularpositionsastheouterwalltaps.For
therunswithreducednozzlearc,onlythestatic-pressuretaps
directlydownstreamoftheactivenozzleswereused.

Tail-conedischarKesection.- @t rmentationwasinstalled
atthedownstreamendofthetailconeinanefforttoestablish‘
theturbine-outletstaticandtotalgasstatesafterfinalmixing
ofthedischargedrivingfluidwiththeinactivegasesdownstream
oftheblockednozzles.Twothermocoupleprobes,twototal-
pressuretubes,andthreestatic-pressuretapsspacedatlZOOtiter-
valswerelocatedasshowninfigure7. Themeasurementsobtained,
however,indicatedthatthemixingoftheoutletgaseswasincom-
pleteatthisstation.

Miscellaneousinstrumentation.- Thermocouplestomeasurethe
temperatureriseoftheoilacrossthejournqlandjou.rnal-thmst
bearingswereinstalledintheoilpassagesintoandoutofthe
bearings.

Therateoflubricantflowwasnotmeasuredduringturbine
operation.However,a mock-upofthelubricatingsystemwaslater
setuptoobtainthisflowrate.Thismock-upconsistedofthe.
shaftandbearingassemblytogetherwiththesupplyandscavenge
PUWWanda rotameterinstalled

A chronometrictachometer,
gearedtothedynamomter-rotor
binerotationalspeeds.

AnHACAbalanced-diaphzwgn

inthe oil-supplyline.

drivenbyanelectricgenerator
shaftwasusedformeasuringtur-

dynamomter-torqueindicator
(reference5)wasusedfortorquemeasurements. s

OPERATIOI?ALPROCEDURE

Perfomwance

Forthisinvestigation,theinlettotaltemperaturewasnmin-
tainedconstantat800°R duringoperationwithbothfulland
reducedadmission.Therangeofthevariableoperatingconditions
overwhichdatawereobtainedficludesinlettotalpressure,

——. .. ——-
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total-pressureratio,androtorspeed.Withtheinlettotalpres-
suresetandmaintatiedconstant,therotorspeedwasvariedover
theentirerangeforeachpressureratio.Thisprocedurewas

repeatedforeachoftherange-of-inletpressureruns.Thefol-
lowingtablegivestherangeofperfommce.investigation:

Gas
admission
(Q3)

360

Izo

--im--

Total-1 InlettotalICorrectedrotor
pressure
ratio

1.50

2.00

2.40

1.50

2.00

2.40

2.00

pressure
(in.Hgabs.)w

20 3391
30 3410
40 3354
45 3377
20 3484
30 I 3382
40 3611

*

*

H--w
45
45 3394

b9,227
L2,9H
12,925
12,685
13,128
13,036
I.3,1OO
1..2,979
13J.57
13,643
13,304

%&-
b10,239
blo749
*
hl,o%l

W
IJ2,M5
12,620
IZ,I.34

\

aTipspeedinfeetpersecondequalsw times0.0704..
%3peedli@tedby~titer ~ge
cSomescatterindata.

Losses

Disk-spreadfrictionandbladewindage.- Selectionofthe
workingeqyationsforthedisk-frictionandblade-windagelosses
wasmadeonthebasisofa comparisonofthevaluesforthese
lossesasobtainedbyrepresentativeformulaswithactualloss
dataona smallerunit.

.- .-. ——. -—. . .-— ———. —-—.-—---- .-— — __— _ . .. . . -c.—. _____ .__
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ofmeasuredlossdatawasanl.l-inch-
ordertoobtainlossmeasurements,a

dynamometerwasusedtomotorthisturbinerotor,withblading
attached,ina stagnantmedium.

Aftermachiningoffthebladingtotherootdiameter,the
rotorwasmotoredagain.Motoringwasperformedovera rangeof
speedsforseveralvaluesofgasdensityintherotorhousing.
Bearingandgearlosseswereisolatedbyextrapolatingthe
observedlossdatatozerodensity.

@ loss.-A calibrationofthemock-upofthelubri-
catingsystemwasmadefmm whichtheflowratetothejourml-
thrust &d jO_
rangeofoperating
shaftrotationwas

bearingscouldbedeterminedovera wide
oiltemperaturesandpressures.NO turbine-
providedduringthiscalibration.

Weight-FlowCheck

Weight-flowmeasurementsweremadewiththewheelremovedat
variousdegreesofadmission.Partialadmissionwasaccomplished
byblockingofffractionsofthe&zzleperiphery.Theinlet
temperaturewasmaintainedat800 R,theinletpressureswere
variedovertheseinerdngeasduringtheperformanceinvestigation
withthebackpressurereducedsufficientlytoassurechokingin
thenozzles.~S investigationconfirmedthatWeightflowiS

o directlyproportionaltothedegeeofadmission.

METHODS

CalculationMethods

Full-admissionperformance.- Inlettotalpressurewascal-
culatedona continuitybasisusingtheinletstatic-pressure
andtotal-temperatureobsemations.

,i=p,~+4+&(%)(*y~ i]’5 (35)

whereA isthedischarge-annulusareainsquarefeet.

Thedischargetotalpressurewasobtainedbycomputingthe
axkl componentofthevelocityofthedischargegasesusing

u

—.— --.—. -..—— —..— ._— .
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equation(9)ofreference6 andaddingthecorrespondingvelocity
pressuretothemeasureddischargestaticpressure.Theequation
soobtainedforcalculatingtischargetotalpressureis

Pe‘=Pe

Theidealpowerinputcanthenbecalculatedfromequation(1),
whichbecomes

[(r-]Y-1
Pet y

idealpower=‘%Ti’ 1 - ~ (37)

Theturbineefficiencyforthefull-peripheraladmissionruus
wastakenastheratioofthemeasuredturbinepoweroutputtothe
calculatedidealpower.

Becausethepressureratioacrosstheturbinewasregulated
bysettingtheinlettotalpressureandthedischargestaticpres-
sure,therewassomedeviationintotal-pressureratioduetothe
variationofdischargetotalpressurewithturbinepowerextraction.
For&mparison,itisthereforenecesssrytocorrecttheturbine
poweroutputforthisdeviationfrmnthenominaltotal-pressure
ratio. Thecorrectionfactoremployedistheratiooftheisen-
tropicenthalpydropbasedonthenominaltotal-pressureratioto
thecorrespondingdropbasedontheactualtotal-pressureratio.

Partial-admissionperformance.-Performancecalculationsfor
therunswithpartialadmissionweresimilartothoseforfull
admission.However,incomputingtheaxialcomponentofthedis-
chargevelocity,itwasassumedthattheactiveflowareaatthe
dischargemeasuringstationimmediatelydownstreamoftherotor
wasproportionaltotheamountofactivenozzlearc.Theobserva-
tionspreviouslymentioned,whichweremadeatthemeasuringsta-
tionin-theplaneatthetipofthetailcone,indicatethatthe
rateofgasdiffusioninthedischargesectionisnotrapidand
wouldservetovalidatetheassumption.

Rotor-tipleakageloss.-Leakagelosswastakenastheener~
containedintheactive
betweentherotor-blade
casing.Thepercentage
equation(12).

gasthat passesthroughtheclearance
tipsandthestationaryturbineouter
ofleakageweightflowwascalculated

space

using

.-. .. .. —--— --- —. -.. .-. .— ---—-.—------- ——-— —.. ————— ----—— —=—. .-.. .——.. .—
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Forthisturbine,

c = 0.0046foot

z = 0.177foot

pz=40.1°

Theleakageweightflowisthen3.86
weightflow.

Substitutingthisvalueof K1

percent(K1)

intoequation
rectingtosea-lwelconditionsgives

0.0386WAsh’
leakageloss=

~i&

ofthetotal

(M) andcor-

(38)

Nozzleandrotor-bladinglosses.-nozzleandrbtor-bladixig
aerodynamiclossesareconsideredasthedifferentialbetween
idealandgrosspowerand=e notdirectlydeterminedhereti.

Disk-windageloss.- Thedisk-windagelossiscalculated
accordingtoequation{15),where

‘II= 1.272

diskpowerloss

n 1.272()~ddhuh-oe12
~d

(39)

Thevalueof1.272fortheempiricalconstantisdependent
uponthetypeofdiskshroudingandwasobtainedfromthesmaller
turbineused.ThisvalueisconsideredtobeapplicablegeneralQ
toconfigurationssimilartothatshowninfigure7. Thedensity
termusedintheequationrepresentstheaverageofthedensities
onbothsidesofthedisk.

tionV -Bearingpowerlossiscalculatedfromequa-Theweightflowofoilwasdeterminedfromthe

Pow
N
o
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.

calibrationofthelubricatingsystemmock-up.Thetemperature
riseoftheoilwasobtainedfromthermocouplesintheoillines
beforeandaftereachbeering.Thespecificheatoftheoil.was
basedonthemeanoiltemperatureinthebearing.

ingloss. - Thispartial-admissionlosswascalculated ‘
fromequation(21),usinganexperimentallydetermined

A =15.19

andtheequationthencorrectedtosealeveltogive

pumpingloss=

Thisequation,which
ness,maybeadjustedfor
selectionoftheterm A.

J-- =.

(40)

hastheadvantageofdimensionalcorrect-
a particularapplicationmerelyby
Ingeneral,

27.99foruncoveredinactiveblading

12.93forinactivebl.adinghavinga cover
witha 3/16-inchclearance

Theconfigurationinvestigateddoesnotcorrespondtoeither
oftheprecedingconditionsforwhicha numericalvaluefor A is
listed,butissomewherebetweenthetwo. Inordertodetermhe
a moreappropriatevaluefortheconstant,thesmallerturbine,
previouslymentioned,whichhada configurationsubstantially
similartothatshowninfigure7,wasmotoredandmeasurementsof
thepumpinglosswereobtained.Thepumping-lossexpressionwas
rearrangedtomake A thedependentvsriable,andvaluesof A
wereobtainedovera widerangeofrotorspeedsandgasdensities.

Littlevariationinthevalueofthecoefficientwasencoun-
teredanda meanvalueof15.19wasobtainedfor A.

Driving -fluidlosses.-Becauseofthedifficultiesinvolved
inobtaininggas-statemeasurementstoevaluatedri~-fluid
losses,”theselosseswereexperimentallydetezmdnedforthistur-
bineandcomparedwiththegeneralexpression,equation(27),to
verifythatthelossesdovaryas K1ll~iH.

Thedriving-fluidlossesareexperimentallyevaluatedat
120°and180°admission,usingequation(26);thebladepowerwas

. — -- ,..—.—— .-—._ ...- .-— —-.—— _____ _ ...._,-
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calculatedby
otherdegrees
whichbecomes
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useofequatim(4).!Chedriving-fluidlossesfor
ofadmissionarethereforeestablishedbyequation(28),

I

(drivhg-fluid 10SS)F=; (l-F)(drimtng-fluid10S8)E00(41)

Thisrelationhasbeenverifiedat180°admission.

PresentationMethods

Performancepresentation.- Turbinepeflormsnceforfulland
partialadmissionispresentedinthefozmofa “carpet”plot
(fig.8). Theprocedureisanadaptionofthemethodsofpresenta-
tionofexperimentalresultsoutlinedinreference7. Absenceof
anabscissainthefigureistobenoted.Thiscompositeorcarpet
plotisobtainedbyfirstplottingthecorrectedpoweroutputas
theordinateagainsttotal-pressureratioastheabscissawith

ter. (Seediagram(a).)rotorspeedasa psrame

.

t
Total-pressureratio,pi‘/Pe’ &“pe:qJ----

..—. — . ..—~ —--.- ”-.7,
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Thecurves(eachrepresentingconstantspeeds)maythenbesepara-
tedbydispkcingeachcurve,togetherwithitsabscissa,tothe
righta convenientdistanceX proportionedtotherotorspeed.
Theresultisa seriesofverticallyorientedplotsofcorrected
poweroutputagainstpressureratiowiththecurvesoflowerspeed
attheleftandthespeedsincreasingtowardstheright.(See
diagrsm(b).)

Allthesecurves,eachrepresentinga constantcorrectedrotor
speed,coverthesamerangeofpressureratiosandsopermitcon-T
structionofhorizontalcurvesconnectingpotitsofequalvaluesof
pressureratioontheconstantspeedcurves.(Seediagram(c).)

Pi‘/Pe‘ PI‘/Pe‘ Pi‘/Pe‘

Thesecurvesofconstantpressureratioperformthesamefunction
asdotheseriesofpressure-ratioabscissasassociatedwiththe
constant-speedcurves,sothattheabscissasmayberemoved.In
thismannera performancegridcanbereadilyconstructedupon
whichmaybesuperimposedcontoursofconstantover-allefficiency.
(Seediagram.) .

Theutilityofthisformofperformancepresentationbecmes
apparentifconsiderationisgiventotheinformationregard3ng

—. ..- . . .._ .—._ —--- .- ___.._. —.__—.—_. ..______ - -——. ..—____ ._ ________ __ __
. . . ,, . .
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the operatingcharacteristicsoftheturbine,whichiseither
indicateddirectlyorisobtainedbyreadilyperformedcal-cula-
tions.Aaanillustration,thecorrectedpoweroutput,total-
pressureratio,correctedrotorspeed,andaver-allefficiency
fora giveninlettotalpressureandtemperaturemaybeobserved
directlyfortwoamountsofadmission;where&suchquantities
asweightflow,theoreticalpowerinput,dischargestaticpressure,
ratioofMet totalpressuretodischargestaticpressure,theo-
reticalblade-to-jetspeedratio,andturbineefficiencybasedon
ratioofinlettotalpressuretodischargestaticpressuremaybe
computed.Themethodbywhichthesegyantitiesmaybecomputed
froma performanceepresentationlikefigure8 follows.

(1) theoreticalpowerinputbasedonstagnationconditions

poweroutput correctedtosealevel
= efficiencybasedontotal-pressureratio

W(Ash’) p “
0.707=~ (42)

(2)weight fl(m
theoretical.power~ut basedonstagnationconditions

= idealenthalpydropperpoundfluidbasedonstagnationconditions

[1W(Ash’) -

w= ~

k](Ash’)
0.707

Whentheinlettotaltemperatureandtotal-pressure
l.moun,theidealpowerperpoundofdrivingfluidmaybe
byuseoftablesinreference.8.

hl.ettotalpressure(3)disctigetotalpress~ = to~-pns~ rdiO

)--- .— ...

443)

ratioare
obtained

(44)
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(4)dlsohargeslmio pressurePe, franthefollowingequation

where

Ae disohargemea, (SqN)

It isto be notedthatthepovertam In equation(45)shouldutilize
ever,&aftpower,enea811ymeasurablequantity,hw beensubstitutedwith
slightae tobe negligible.

(5)ratioof inlettotalpremureto dischargeetatiopremure

I

I
1

1

inlettotalpressure
= disohergestatioPssure

q’
Pe

bladepower;how-
reeultipgerror00

(6) efficiencybesedon ratioof inlettotal.pressuretodt~ohargestatiopressure

netpoweroutput
= Idealpowerinputbeaedonratioof inlettotalpremuret’odieohargeetatiopressure

(46)
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WhentheInlettotaltemperatureandratioofinlettotalpres-
suretodischargestaticpressureareknown,theIdealpowerinput
perpound
discwge
enoe0.

(7)blade

Po
G

ofdrivingfluidbasedonratio~ inlettotalpress~eto
staticpressuremaybeobtainedbyuseoftablesinrefer-

.

pitoh-linevelocity~ fromthefollowingequation

~=fiD(~
)

.
(48)

(8)theoreticaljetvelocityV~’ basedonratioofinletstagnation
pressuretodisohargestagnationpressure,fromthe”follo&g
equation

Vd’=““%’i’hl(49)

L (pe’/ J

whereJ isthemechani,oalequivalentofheat.

(9)theoreticaljetvelocityVj basedmratio ofinlettotal
pressuretodischargestatiopressure,frcunthefollowingequa-
tion

Vj = 4
[1

2gJcpTi’1 - 1
~

()

Pi’ 7
c

dischargetotal

(11)velocityratiov

(50)

(10)velocityratiov‘ basedonratioofinlet
pressure,frm thefollowlngequation:

%v’.— VJ‘

totalpressureto

(51)

basedoninlettotalpressuretodischarge
statio pressure,fiomthefollowingequation:

#v=~
J

(52)

— ,, - ,-. . . .“



NACAm NO.3.807 29

-,

Nm
c)
l-l

A numericalillustratimofthesecalculationsispresentedin
appendixB.

Ims-presentathnmethd.-Thepowerlossescorrectedtosea
levelareplottedagalnetcorrectedturbinerotorspeedinfigure9
ata total-pressureratioof2.0withthedegreeofadmissionas
~ter whereappli@ble.Disk-frictialossesaresosmallthat
theyarenotshownInfigure9.

Theidealpower,netpower,andapplicablelossesperpoundof
drivingfluid,allccmrectedtosea-lewlconditions,ata pressure
ratioof2.0,areplottedagainstcorrectedrotorspeedfor360°
(full),180°,end120°admissionsinfigure10.

Perfomnsnce-EstimationMethod

Theturbinepoweroutputsatanytwoemountsofadmissionare
relatedbythechangeinthelossquantities.Itistherefore
possibletoobtainestimatesofpoweroutputatanydegreeof
admissionbymakinguseofthefull-admissioncarpetplotandthe
losscurves.F!romequation(30)itcanbeseenthat.

(netpowerestimated)~=F (power0bServed)3600+

(shaftlosses)3600- (shaftlosses)F

- (dri~-fluidlosses)F (53)

Inordertoestimatepoweratanydegreeofadmission,it
remainstoevaluatetheselossesatsomedegreeofadmissionandto
knowthemannerofrelationofthelosses’withadmission.As
previouslydescribed,disk-frictionandbearjnglossesaretivariant
withadmissim,andpumpinglossanddriving-fluidlossesarepropor-
tionaltotheinactivenozzleare.

Whenthepoweroutputhasbeenestimatedatanydegreeof
admissionwithequation(53)theefficiencyforthatdegreeof
admissioncanbeeasilyestimatedfromequation(33).A numerical
exampleisprovidedtiappendixB.

Thissimplifiedmethodquidil.yyleldsgoodapproximations.Upcm
correctionoftheturbineoutputandofcorrectablelossestosea
level,thebearingloss,whlohhasnocorrectionapplied,formsa
disproportionatelylargepartoftheco~ctedpower.Thisdispropor-
tioninturnaffectstheaccuracyoftheefficiencyestimationsbased

,.—.-—-—-— -- -—-.—--———-—-— .—— - ——- —.. — . ---—— -.—— — _ .._. .-——. ——-
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ontheuseofcorrecteddata.Someadditionalacouracyistherefore
gainedbyuseofoperationaldatauncorrectedtosealevelinequa-
tion(53).

Thismodifiedprocedurehasbeenfollowedintheconstruction
V offigure11h whichisplottedover-allturbineefficiencyagainst
percentageoffull-poweroutputwithdegreeofadmissionasparameter.
kcludedintherangeofturbineoperationatfulladmissionIsthe
pointclosetothedesignoperatingcondition,whiohisa corrected
rotorspeedof8650rpm,a total-pressureratioof2.08,andaninlet
totalpressureof45inchesofmercuryabsoluteatthetestoperating
temperatureof800°R (basedonconstantdesignReynoldsnumber
indexpi~(Ti’)1“1,reference6). h ordertoobtainanindication
oftheturbinepefiomanceatothervaluesofadmission,thecondi-
tionsofoperationwerearbitrarilyselectedtobemaintainedconstant
atthisequivalentdesignpointwhileestimatesofperformancewere
madeatseveralreducedadmissions.Be&usethemaximumcorrected
poweroutputintheseexperimentsoccursata pressureratioof2.4
ratherthan2.0,thepowerattheequivalentdesignpointforfull
admissionrepresentsapproximately83percentofthisvalue.

, ComparisonofPartialAdmissionwithOtherMethods
A

ofPowerReduction

Turbine-inlet~essure,pressuremtio,andactivenozzlearc
areevaluatedaspower-controlparametersinfigure12. Turbine
over-allefficiencyisplottedagainstthepercentageoffull-power
outputfora constantInlet.totaltemperatureof800°R anda
correctedrotorspeedof8650rpm.Linesofconstantinlettotal
pressureandtotal-pressweratioencloseareasatbothfulland
1200admissionwithinwhichturbineperfomanoewasinvesti@ed.
b ordertoisolatetheturbtieperfomanoefromanyinteraction
witha cmpressor,thedrivingfluidwasassumedtobedeliveredto
theturbinefromanexternalsourceata constantpressureof
45Inchesofmercuryabsolute.R@utilonoftheinletpressureto
lowervaluesisaccomplishedbythrottling,theacccqanyhgloss
beingchargedtotheturbine.Thisprocedureaccountsforthe
largestpartoftheseverelossinefficiencyatthelowerpressures.
Theprojecteddistanceoftheseareasontheabsciesagivesan
indicationoftheflexibilityofpowercontrol.

Superimposedontheplotisthec&verepresentingpowerregula-
tionbymeaneofactivenozzle-arccontrolata oon5tantpressure
ratioof2.0,whichisshownInfi@re1-1.TheWrtial-atiissi~

~,.— —— —. -.——
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controlourveinfigure12servesanadditimalpurposeinthatit
orientsthe=eas ofturbineoperationatmy degreeofadmission
withrespecttocorrespondingareasatotherdegreesofadmission.
Thisorientationpermitsrapidtisualestimatestobemaderegarding
theoharaoteristiosforallmutualrelationsofthesecontrol
psmmeters.

k figure13,theparameterofcorreotedrotorspeedistitro-
duoed.Theconstructionoftheplotisshilartothatoffi~ 12
withtheexoeptionthatcorreotedrotorspeedreplaoesinletpressure
asa variable.Fortheplotshowninfigure13,theinlettotal
pressureismaintainedoonstantat45inchesofmerouryabsolute.

Becausethepointsofpeakefficiencyocmuratlowerspeeds
withdecreasingpressureratio,theplanesfomedbytheoperational
areasappeartofoldbackupm themselves,withtheeffectma@fied
attheloweradmissions.

.

Theoaloulatedprobable
mostoftherqngeofturbine

ACCURACY

errorinthe
operationis

over-allefficiencyover
within* point.Power-

outputcalculationsoverthismnge areaocuratewithin*1/2percent
oftietruenetpoweroutput.Thegreatesterroroccursatthe
lowestpowerlevelswithreduoed-admission,reduoedinletpressure,
andhighrotor8peed.Attheseconditions,efficiencyisaccurate
within* pointsandpoweroutputisacouratewithin*.6 percent.

Temperaturereadingsareconsideredaocurateto~“ R,turbine
speedmeasurementsto*5 rpm,turbine-torqueestimatesto*15.09inch-
pounds,andmanometerreadingsto*O.05inchofmercury.

Theacouraoyofthepowerestimatesbasedonthemorerefined
methds,usinguncorrecteddata,aswereusedintheconstructionof
figure11,iswithin*1peroentoftheobserveddataovermostof
thespeedrangeandwithin= percentatthehighestspeeds.Turbine-
over-all-efficiencyestimatesbythismethP arewithin*1petit
overmostofthespeedrangeandwithin*Z pointsatthelowerand
higherendsofthespeedrange.

Estimatesofpoweroutputfor180°admissimbythemethod
basedonuseofoorreoteddataareapproximately1 percentlower
thantheestimationsthatusethemorerefinedmethodbasedan
observeddata.Theefficiencyestimatedfor180°bythisrapid
methodisapproximately1 pointlowerthantheestimationobtained

— —--—— — .-. — _ ______ ...__ . .-
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frcnndatauncorrectedtosealevel.-iciencyestimationsperfomned
thiswaywillalwaysbelowerthanthoseshowninfigurell,becoming
3 pointslowerat90°admissicm.

REsuLTs

Losees

Withtheexceptionofdisk-windage10SS,a quantitativestate-
mentofthetypesofturbinelossthathavebem consideredis
presentedinfigure9. Thesequantities- basedondataobtained
ataninletpressureof45inchesofmercuryabsoluteanda total-
pressureratioof2.0.Becausethelossesareex@essedIncomected
fomn,theymaybeconsideredrepresentativeofthelossesatother
inletpressures,althoughallthelossesexceptbearinglosseswould
reqtxlread~usimmntforchangesinpressureratio.

Presentedinfigure9 arethelossesasfunctionsofcorrected
rotorspeedfora rangeofadmissionsfrcm90°to380°,where
applicable.Useoflogarithmicscalesforabsoissasandordinates
resultsintheslopesoftheselosscurvesbeingequaltothe
exponentialrateofrotorspeedatwhichthelossesvary.

Rotor-tiple- 10ss.-Estimatesofrotor-tipleakagelosses.
forarangeofes admissions=e plottedInfigure9(a).Because
thetipl&kage-isinvariantwithrotorspeed,thecurvesappe=as
horizontallinesovertherangeofcorreotedrotorspeeds.

Disk-windageloss..- ~ general,disk-windagelossformsa
smallfractionofthedissipatedpoweroutput,whichIsexemplified
bytheresultsofthesestudieswherethe~ valueofthe
correcteddisklossamountedtolessthan1 horsepoweratthe
highestccrrectedoperatingspeedof14,000rpm.Becauseofthe
minmnatureofthisloss,itdoesnotappearinfigure9. However,
werethediskvanedjasisthecaseforsomec-rcial gasturbines,
theadditionalpumpingactionwouldacttoincreasegreatlythedisk
powerloss.

‘- -BearinglossisplottedagainstcorrectedrotorsPeedinfigure9b). Thesinglebearing-losscurveIsconsidered
applicableforanydegreeofadmission.Thetemperatureriseof
theoilacrossthejournal-thmstbearingdidnotdecreaseforthe
runswithpartialadmissionIndicatinglittlechangeinthethrust-
bearinglosses.Atthehigherspeeds,thebearing-losscurve
approachesa 1.4-powervariationwiththespeed.mat thislossis

.
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nota second-powerfiation,aswouldbeerpeoted,
toinaccuracyoftheexperimentalmethodemployed.
involved,however,isslight,ifnotnegligible.

33

isattributed
Theerror

-~@3 lossesme *- h figure9(0)forthe
rangeofadmissionsconsidered.Thecurvesservetodemonstratethe
inoreaseofthispartial-admissionslosswithinoreasedblooking.As
isindioatedbyequation(21),thislossvariesasthethim3powerof
therotorspeed.

TheimportanceofthislossIna partimlarapplicationis
determinedlargelybythepitoh-linediemeteraftheturbinebeoause
thepumpinglossvariesasthefourthpowerofthepitoh-line
dimeter.

Dri~-fluid losses.-Thedriving-fluidlossesarepresented
infigure9(d)forseveraldegreesofadmission.Becausethese
iosses-e directlyproportimaltorotorspeed,theourvesappear
asstraightlineswitha slopeofunity.Forthisturbine,itis
notedthatthedriving-fluidlossesarequitelargeascompered
withtheotherlossesmnsidered.

Analysisoftheturbinedataoonfimsthatthedriving-fluid
lossesduetopartialadmissionasexpressedbyequation(27)are
representativeofaotualperfomanoe.Thepowerdifferencerepresent-
ingthedri~-fluidlossesisexperimentall.yfoundtobepropw-
tionaltothereduotionofaotivenozzlearoandmaybecorrelated ,
bytheproduotK~PiN overmostoftheoperatingrange.Verifi-
oatianofthisanalysisis~ovldedinfigure14,wherethedriving-
fluidlossesfor180°and120°admissionareexperimentallydete-ed.
P&cmfull-admissiondatabyuseofequation(19),thegrosspowers
at180°and120°admissionareobtilned.Thebladepowerfa each
ofthesepartialadmissionsisfound,asinequation(4),fromthe
observednetpoweroutputplusthesh@tlossesobtainedfrcuu
figures9(b)and9(0).Thesepowerterns=e thenplottedagainst
correotedrotorspeedand,aocordingtoequation(26),(bladepower
atfulladml.ssionbe- equaltogrosspoweratfulladmission)the
driving-fMid losses,identifiedbytheshaded=eas,areobtained
asthedifferehoebetweenthegrosspowersandthebladepuwersfor
eachofthesetwoadmissicms,respectively.

Itoanbeseenfromfigure14thatthedriving-fluidlosses
areproportionaltotherotorspeedendltiewiseproportionalto
theamountofnozzleblooking.Driving-fluldlossesmaytherefore
beproperlye~essedbyequatfcm(27)andrelatedatvarious

# degreesofadmissionbyequation(28).

.—..____ ____ ...._ _. +---- - —.. —.. —-— —— .-. . ______ .— _
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Bydimensionalanalys~s,
fluidlossesvaI?Y8S K1~iN

It canbeseen
andtherefore

lossescannotbemadetocare~tethepower
Thisfactrulesoutthepossibilitythatthe
beaccountedforbyerrorsinthemagnitudes

NACATNNo.3.807

thatonlythedrlvlng-
shaftortipleakage
differentialsobsermd.
powerdifferencescan
oftheshaftlossesas

calculatedbytheempiricalequati~presented. .

ITozzleandrotor-bladlnRlosses.-Thenozzleandrotor-blading
‘aerodynamiclossesarepresentedfortherangeofadmissionsin
figure9(e).Theselossesmaybeseeninthefiguretobedirectly
proportionaltothedegreeofadmission.By compariscmwith
figures8(a)and8(b),itcanbeseenthatthenozzleandrotor-
bladingaerod-c lossesareminimalatthespeedrangecorre-
spondingtothepeakoperatingefficienciesoftheturbine.

baa relstlas. -RepresentedInfigure10isa quantitative
~EiS ofthemannerinwhichtheidealpowerperpound(specific
“idealpower)isdissipatedbythevariouslossesat360°(full),
180°,and1200admissions.Allthequantitiesarecorrectedtosea-
levelconditims.Becausetheidealpowerperpoundofdriving
fluidishdependentofthedegreeofadmissicm,comparisonofthe
_tudes oftheselossesatthevariousdegreesofadmission
enablesa directevaluationoftherelatiweffectofeachofthe
lossesonthenetpoweroutputwithreducticmoftheactivenozzle
arc●

l&anfigure10itcan%eseenthatthe
leakagelossisconstantforalldegreesof
rotw speeds.

specificrotor-tip
admissionandforall

ThebearingpowerlossoftheturbineisIndependent& the
percentageofactivenozzlearc;therefmthespecificbearingloss
isinverselyproportionaltotheweightflowandhencetothedegree
ofadmission.Asindicatedearlier,thebe- lossesarepropor-
tionalappro-telytothe1.4poweroftherotorspeed.

Atanygivendegreeofadmlssicm,thepumpinglossesarepropor-
tionaltothecubeoftherotorspeed,whereasthedrlwdng-fluid
losses=e directlyproportionaltorotorspeed.

Thepumpingenddriving-fluidlosseswereshown,intheM?MX3E3
section,tobeproportionaltotheinactivenozzle=C andinfig-
-ure10maybeseentovaryinthismanner.

Thenozzleandrotoraerodynaniulossesperpoundofdrlvlng
fluldareindependentofthedegeeofadmissionandconsequently
arethesameforthethreeadmissimspresentedinfigure10.

.
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Disklossoannotbepresentedolesrlyinfigure10beoauseit
istoosmall.

Thecorreotedspeoificnetpower,whichisidealpowerminus
allthelosses,isshowninfigure10foreaohofthethreeturbine
mnfiguratione.Thespeclflcnetpowerwhenmultipliedbytheweight
flowistiagreementwiththecmrreotedturbineoutputforfulland
120°admissionshowntifigure8(b).

Ful.1-kimissimPerfomanoe

Theturbineoperatingoharaoteristiusforfull-admissionopera-
ticmarepresentedasa oompositeplot,constructedaspreciously 1
outlinedintheseotionentitledMEIWOm.Theturbinedesignoperat-
ingcmditionsaretidioatedinfigure8(a)aspointD,whichfalls
wellulthintheturbineoperatingrangecoveredinthisinvestiga-
tion.Theturbinedesi~operatingpointD isseentobewithin
1/2pointofthemaximumefftoienoyobserved.Theislandformedby
thepeakoperatingefficiencycontourof76peroentiscenteredat
a uorreotedrotorspeedof9500rpmata total-~ssureratioof2.2.
Thepoweroutputatthispointis412horsepowercorrectedtosea
level,whiohcorrespondstoapproximately3250horsepoweratfull-
soaleoperation.

Operationoutsideofthisislandisaccompaniedbydecreasing
eflioienuies.However,whenohangesinpressureratioareaccompanied
byadjustmentsinrotorspeedtomaintainthemostfavorablebl.ade-
to-jetspeedratio,thegradientofefficiencyisminhizedtoa drop
of3 pointsovertheentirepressure-ratiorange.

Therangeofturbinepoweroutputisrepresentedinfigure8(a)
asvertioaldistances,whiohareseentoinoreasetotherighton
thisplt)t.Thisinmeaseisduetotheeffectsofpressure-ratio
changesbeingmostpronouncedathigherrotorspeeds.

Partial-AdmissionPerfomanoe

Theperfomancecharaoteristiosofthisturbinbat120°admission
overthesamerangeofoperatingconditionsasatfulladmissionare

. presentedintheformofa oarpetplotinfigure8(b).Thisoarpet
issupertiposedontheonepreviouslypresentedinfigure8(a)for
fulladmissiontoenablereadycomparisonofoperationwithfulland
partialadmission.

..-— —— —— .— - -. —.. —— —— — _
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OfP- eignifioanoe=e thereductionsh over-allturbine
efflcienoyencounteredwithreduoedadmission.Tliedataindioate
thata dropof16pointsinthepeakeflicienuyisobtainedwhenthe
aotivenozzlearcisdeoreasedtolZOO.ThedropIscausedbythe
speciallossesthatareintroducedwhenonlya fractionofthe
nozzlem isaotive.Whentheturbinepoweroutputiscontrolled
bynozzlecut-out,thevelocitydiagremsforequivalentoperating
conditionsatreducedadmissionsrmainlargelyunchanged,an
advantageowfeatureinpowerre@ationbymeansofaotlve-nozzle-
arccontrol● Thiseffeotisdemonstratedinfigure8(b),wherethe
performancepatternsovertherangeofrotorspeedandpressureratio
aresimilarforfullandlZOOadmlssicms.Beoausetheover-all
efficiencyisbasedontheturbinenetpoweroutput,inoreaseein
thepowerextractionoausedbytheadditionalprmtial-admission
lossesareetidencedbya ohangeInthepositionC&theefficiency
contours.RapidIncreasesofthedriving-fluidandpumpinglosses
withrotorspeedoausetheregionofpeakperformancetobeshifted
towardluwerrotorspeedswithincreasingnozzlecut-out,and
theadjustmentsinrotorspeedrequiredtomaintatioptimumblade-
to-jetspeedratioswithohangesinrotorspeedremainvirtually
unchEmged. h theupperspeedregion,thechangeinnetturbine
powerperpoundofdri~ fluidinresponsetoa givenohangein
pressureratioisdimini~edwithreductionoftheactivenozzle .
arc.Thereducednetpowerrangeisattributedtothemore
pronouncedeffectsofthepartial-admissionlosseswithtioreasing—
rota speeds.-

PartialAdmissionas

Theapplicationof‘Parthl

●

a MeansofPowerControl

admissionasameansofpower
controlisevaluatedinfigure11inthefcnmofa ourveofover-all
turbineefficiencyplottedagainstthepercentageoffull-power
output.Atfull,180°,and120°admission,thevaluesexpressed
arebasedonexperimentaldata,theremainderofthecurvewas
constructedushgtheperfomanoe-predioticmteohniquepreviously
desoribed.Theourveindioatesthat,fora constantturbine
operatingcondition,partialadmissionrepresentsaneffectivemeans
ofpowercontrolupto180°ofnozzle-arcreduction.Powercontrol
bycut-outofmorethanone-halfofthenozzlesisaccompaniedby
a prohibitivedropinover-allefficiencyduetotheincreasingly
severeeffectoftheturbtnelosses.l?orotherturbineoperating
mnditias,thegeneralshape& thiscurveissimilarexoeptthat -
theperformancefallsoffmoresharplytiththeintensifyingeffect
ofthepartial-admissionlossesathigherspeeds.Thiseffect,
however,isnottooimportantbeoausea primaryfeatureofpartial-
admissionpowercontrolisthattheturbineoperatingconditions

.

.
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aremaintainedatthedesi~pointandtherewouldbelittlere@re-
mentforoperaticminthemoreunfavorableregions.

ComparisonofPartialAdmissionwithOtherPower-ControlMethds

Turbine-inletpressureandtotal-pressureratioareevaluated
aspower-controlparametersinfigure12. Fora givenadmissim,
thereappeartobeaboutequalrangesafpoweroontrolusing
eitherinletpressureorpressureratioasthecontrollingparameter.
However,wit.hrespecttoover-allefficiency,thecurvesindicate
thatnoadvantageisgainedbyinlet-pressurecontroleither
exclusivelyorincombinationwithpressure-ratiocontrol.Thesame
powerreductioncanbeacmmplishedthroughuseofpressure-ratio
controlhdependentlyofinlet-pressurecontrolandatconsiderably
higherefficiencies.Comparisonofthemethodsshowsthatpartial
admissionoffersa moreflexiblesystemwhilemaintaininga corre-
spondingtrendwithregardto6fficiency.

Turbine-rotorspeedappearsasa power-controlpa?ameterin
figure130 Asisevidencedinthefigure,powercontrolbymeans
ofpressureratiooffersa moreflexiblesystemthanthatutilizing
rotorspeed.tie benefitmayberealized,however,partic-ly
atloweradmissions,Iftherotorspeedismanipulatedovera range
sufficienttotakeadvantageofthegainsinefficiencyavailable
atthelowerpressureratios.Thatthepower-controlcurvestemdnate
witha total-pressureratioof1.5shouldnotbetakentomeanthat
furtherpowerreductionisnotobtainablebyeven.lowerpressure
ratios.b thesestudies,theturbinewasnotoperatedbelowthis
valueandnodataareavailable.Judgingfromthetrendsin
evidenceatthelowestpressureratioshown,furtherpowerreduction
bydiminishingpressureratiomustbeaccompaniedbyincreasin@y
severespeedregulationifthe~ptdmumturbineefficienciesareto
obtain.Reductionsin.bothspeedandpressureratioareattended
byincreasedturbine-dischargete~eratures,whichimpose,asa
furtherlimitationtothissystemofpowercontrol,thehighest
turbine-dischargetemperaturethatmaybesustatiedfm anylength
ofoperation.Thepartial-admissioncontrolcurve,whichis
superimposedonfigure13,againservestoorienttheoperational
areasatvariousdegreesofactivenozzlearc.

Becausealldatawereobtatiedh thistivestigaticmata constent
inlettemperature,littlecanbesaidconcerningtheeffectsof
-iable @lettemperatureasa controlparameter.A briefanalysis
wouldshowthatsucha systanisveryrestrictedasregardsflex-
ibilityofpaueroutput,butthesmallreductionspermitted(onthe
orderof10to20percentoffullpower)areobtainedwitha
negligiblereductionintheefficiency.

.
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DISOUS3101?

Becausereductionsinefficiencywithpartial-admissionopera-
thnmay beascribedinlargeparttotheinducedlosses,itis
worthwhileexaminingtheselossesbrieflywiththeIdeaofdevising
meanstoreduoeoreliminatethem.Ashasbeenmentionedpreviously,
therearetwoprincipaltypesoflossthatocourwithpartial
admission:pumpinglossesenddriving-fluidlosses.~ referenoe4
(PP.199-200),itisshownthatpumpinglossesmaybeeffectively
reducedbycloselyshroudingtheinactiverotorbl.ad~.Suoh
shroudingwouldalsoservetoreducethatpartofthedriv5n.g-fluid
losscausedbyinducedgasdiffusionatthenozzledischargeas
follows: (1)Itwoulddecreasethepressuregradientbetweenthe
activeandinactiveflowregionsoftheblading,and(2)itwould
elimlnatetheflowofthediffusedgasesthroughtheinactiverotor
blad~ andthesubsequentpuwerloss.Themethodproposedinref-
erence4 (p.221)isaimedatreducingthescavengeandeddylosses
bymorecarefulcontroloftheflowtotherotoratthestartand
endoftheaotivecycle.

Theseandotherrefinements,althoughnotemployedinthis
tivestigation,areworthconsiderationinthedesignofa partial-
admissionpowerplant.e

A turbineoperatingwtthpartialadmissionissub~eotto
inducedrotw-bladetitrationsinadditlmtothoseencountered
withfull-admis~ionoperation.Duringnormalturbineoperation,
whentheperiodoftheintermittentforceapplicationsfra the
individualnozzlesisthesameasanaturalvibrationpericxid the
blades,seoondaryresonmoe(reference9)occurs.Thissecondary
resonanceischaracteristicofturbtiesboth,atfulladmissionand
durhgtheactiveoycleatpartialadmissions.Hamfulstresses
resultingfromsecondaryresonancemaybeavertedbyproportion-
thebladestosecurea suitablemass-stifYnessratioandprovide
sufficientinternaldampingtomaintainthevibrationamplitudesat
a safelowlevel.

Primaryresonance,asdefinedinreference9,occursatpartial
admissionwhenthefacedvibratimsetupbytheapplicationand
releaseofthedriving-fluidforoeatthebeginningandtheendof
cut-off(fig.5)hasthessmeperiodasa naturalvibration
frequency.Oneormoreoperatingconditionswillalwaysexistduring
partial-admissionoperationatwhichthetimingoftheloadingand
theunloadingofthebladesinthemannerdescribedwillbesuohas
tocauseprimaryresonance.Precautionsmustthereforebetakenin
thedesignoftherotorbladingsothat,underconditionsofprimary
resonance,themaximumbl@e stressesinducedmaybewithstoodsafely.

.
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A methodproposedinreference4 (p.221)wouldservetoreducethe
rateofbladeloadingandunloadinR,whichwouldacttoalletiate
theblade-vibratim~roblm.

Nospecialprecautionswere
rbscnmnceforthisinvesti~tion
encounteredIntheturbtieused.

-. /

taken againstcriticalinduced
andnovibratimdifficultieswere
Thisfactisattributedtothe

reducedbladeloadingatlowpressuresandtemperaturesofthe
gas,sothat,whereasconditimsofprimaryandsecondaryresonance
mayhavebeenpresent,thereducedbladeloadingresultedin
relativelysmallbladestressesthatcouldbesafelywithstood.
Thereisnoassurancethatthiswouldhavebeenthecaseatfull-
loadoperation.

EESUZTS

l?%omaninvestigationof

ANDCONCIUSIOI?S

the perfommuceofa gasturbineover
a rangeofoperatingconditionsforfullandpartialadmissions,the
followingresultswereobtainedandconclusionsdrawn:

1.Theefficiencyandspecificpuweroutputofa gasturbtie
operatingwithpartialadmissionareprimarilydeterminedbythe
quantityofthespeciallossesthataretiducedasthe.fractionof
activenozzlearcisdecreased. .

2.Estimationsoftheover-allturbineefficiencyandpower
outputatanydegreeofadmissionweremadepossiblebyprocedures
correlatingfull-andpartial-admissionperformance,whichwere
developedonthebasisofstudiesoftheselosses.

3.Theefficiencyestimationswerewithin+lpointofobserved
valuesovermostofthespeedrangeandwithin+l~pointsatthe
lowerandhigherendsofthespeedrange.Thepowerestimateswere
within~ percentofobserveddataovermostofthespeedrangeand
within+3percehtatthehighestspeeds.

4.Whennospecialprecautionsaretakentoavoidlosses,-
operationofa gasturbinewithmorethanhalfofthenozzlesinactive
isaccompaniedbylargereductionsintheover-all’effi.ci?ncy.

5.Turbinepowerreductionbymeansofnozzlecut-outoffersa
highdegreeofflexibilitywhilemaintainingefficienciescomparable
tothoseoftheothermethodsofpowercontrolconsidered.

—. — -—.. — .——.. ———— . . .. . -—..
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6.Considerableutilityoftheperformancedatais
useoftheconvenientmethodpresentedforplottingthe
characteristics.Themethodfurtherservestocondense
quantitiesofdataintoa singlecanpositeplot.

TNNo.1.607

affordedby
turbine (
large \ II4

7.b additiontosecondexyrotor-bladevibrationencountered
inenyoperatinggasturbine,provisionsarerequiredtoavoidor
withstandtheeffectsofprimaryrotor-bladevibrationsinducedby
partial-admissionoperathn.

.

LewisFlight2ropulai&Laboratory,
NatSmalAdvisoryCommitteefor-Aeronautics,

Cleveland,Ohio,October5,1948.
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Thefollowingsymbolsareusedinthisreport:

area,eqft

velooityofsoundatobservedconditions,ft/seo

numberofactiverotorbladesatanyinstant

totalnumberofbladesinturbinerotor

bladeradialtipclewame,ft

absolutevelooity,ft~sec

specificheatatconstant

pitoh-linediameter,ft

rotor-diskdiameter,ft

fractionofactivenozzle

fractionofactivenozzle

pressure,Btu/(lb)(%)

aro

arcotherthanF

accelemtionduetogratity,32.174,ft/sec2

enthalpydropbasedonratioofinletstagnationcondi-
tiontodischargestagnationconditions,Btu/lb

isentropicenthalpydropbasedonratioofinletstagna-
tionconditionstodischargestaticconditions,Btu/lb

isentropicenthalpydropbasedonratioofinletstagna-
tionccaidltionstodischargesta~tlonconditions,Btu/lb

mechanicalequivalentofheat,778,ft-lb~tu

percentageofactivegasthroughrotor-tipclearance
space,constantforanyparticularturbine

empiricalccmstantfordisk-windageloss

empiricalconstantfordriving-fluidlosses

. . —-—- . .. . . . —- -. —..——. —a — —.—.—— . ——— . ———— . ..—
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rotor-bladelength,ft

Maohnumber

rotationalspeed,rpm

thlolumsscoefficient(unityforreactimturbines)

turbine-shaftpoweroutput,correctedtosea-levelcon-
ditions,hp

absolutepressure,lb/sqftorin.Hg

@3 oonstant,53.345,ft-lb/(lb)(%)

Reynoldsnuniber

radius,ft

temperature,‘% /

temperatureriseoflubricatingoilInbearings

velocity,ft~sec

gasvelooity,ft/sec

theoreticaljetvelocitybasedcmratioofinlettotal
pressuretodlatigestaticpressure,ftjseo

theoreticaljetvelocitybasedonratioofinlettotal
pressuretodischargetotalpressure,ft/seu

weightflow,lb/see

totalnumberofbladesinturbinerotor

rotor-bladee~t anglerelativetoplaneofrotordisk
measuredatpitchline,deg

ratioofspecifioheatsofgas

pressurecorrectionratio,p/p.

turbineover-allefficiencybasedon
stagnationconditionstodisclwmge

ratioofinlet
staticconditions

,—. -— —. . -.



NN-Jo
I-1

MACATNNo.1807

n’ turbineover-allefficiencybasedon
stagnationcmditionstodischarge

e temperaturecorrectionratio,T/T.

43

ratioofinlet
mtion conditions

A empiricalcmmtmnt,dependinguponinactivebladeshrouding

P absolutevisuosity,(lb)(sec)/sqft

v velocityratiobasedonratioofinlettotalpressureto
dischargestaticpressure

v’ velooityratiobasedonratioofinlettotalpressureto
dischargetotalpressure

.
P IMSS density,Bl~s/cuft

Subscripts:

d fluidsurroundingturbine-rotordisk

e turbinedischarge(measuringstation)

F degreeofadmissionccn’respondingtofractionofactive
nozzlearc

G degreeofadmissioncorrespondingtofractionofactive
nozzle,arcotherthanF

h huborinnerradiusposition(bladeroot)

i inlet(mea8uringstation)

J jet

m pitchline

s Isentropic

T tiporouter-radiusposition

u tangential

x axial

o I?ACAsea-levelair

——. ..... —. —..—. _ __ _ —
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1 rotorinlet

2 rotordischarge

360° fulladmission

1200 120°aamissicln

180° 180°admieeion

Superscripts:

- (b=) averagevalue

‘ (prime)stagnationdate

.

NACATNNo. 1807
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GUCUIATIONS

I?umerioalexamplesillustratingthecalculationmeth~sdesoribed
inthetextarepresented. .

CalculationsfromFigure8

Theoperatingcharacteristicsofthisturbinearecomputed
fromtheinformationpresentedinfigure8 atthedesignoperating
pointD. For360°admission,a rotorspeedof8650rpm,anda
total-pressure~tio of2.1,poweroutputoorrectedtosealevel
P equals388horsepower;efficiencybasedontotal-pressureratio
~’is0.755;inlettotalorstagnationtemperatureTi’is518.60R;
andinlettotalarstagnationpressurepi’equals29.92inchesof
mercuryabsolute.

Thefollowingquantitiesmaybecalculated:

1.Theoreticalpowerinputbasedonstagnationconditimsfrom
equatim(42)

_ 388
0.755

= 514hp

2.Weightflowbyequation(43)

r--l(Ash’)

w= 0.707

[1~0.707 /

lIromtablesinreference8,

Ash’= 23.76Btu/lb

... . . . ..— —. —-. .,—. —-..—. .—-—
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therefore

3.

4.

Pe’
~=

where

w= ‘4(723.760.707

= 15.29lb/see

Dischargetotalpressurebyequation(44)

Pi‘
Pe’‘—

()
Pi‘
~

29.92
‘n

= 14.25in.Hgabsolute

Disdargestaticpressurefromequation(45)

1 ( )(
~ 7-1

~i, .ZQ’550$’ w-
2 Y 70.73peAe)1

Pe‘ 14.25In.Hgabsolute

~ 32.174ft/sec2

Y 1.4

R 53.345ft-lb/lb/%

Ti‘ 518.6°R

P 388hp

W 15.29lb/see

Ae 0.686Sqft
.

. -—— –— —— -. —.— —=— . . ... .——



NACATNNo.1807 47

Therefore

5*Ratioof
byequation(46)

Pe= 10.80in.I&

inlettotalpressure

6.Efficiencybasedon
staticpressurebyequatibn

Pi‘ 29.92
y = 10.80

absolute

todischargestaticpressure

= 2.770

ratioofinlet
(47)

totalpressuretodischarge

I&cmtablesinreference8,

H Aah= 32.OIBtu/lb

Therefore

388
n=

[(
15.29)(32.01

0.707 ‘1
= 0.560

7.Bladepitoh-linevelocity~ frm equation(48)

% ()=Yt@

where

D 1.167ft

Iv 8650rpn

Therefore

~ = 528ft/sec

——— , .— -—__ -_
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8.TheoreticaljetvelocityV~’ based
dischargestagn@ionpressuresfhm equation

NACATNNo.1807

onratioofinletto
(49)

q’ =
i

[1

2gJcpTi‘ 1 - 1
&

()

Pi’ y
c

where

J 778ft-lb~tu

Op 0.240Btu/(lb)(OF’)

therefore

Vd’ = 1092ft/sec

9.TheoreticaljetvelocityVj basedonratioofinlettotal
pressuretodischargestaticpressurebyequation(50)

4 1
Vj =

[ )12@cpTit 1 ‘— &

(
Pi’ 7
~ J

Therefore

Vj

~~ovelocity~tiO V’

todischargetotalpressure

= 1255ft/sec

basedonratioof
byequatim(51)

u~
v’=~

528
‘m

= 0.4835

5nlettotalpressure
\

0

.

—— .- ——— —-



I 11.Velooityratio v basedon ratioof inlettotalpressureto Wmharge statlopressure
I by equation(52) ;
I

I
H

~
‘=VJ

~

!

●

t

528 g
“ZzR +

! EettiticmofPowerat 180°Admlmiao
I

At 180°admlesim,equation(30)m.’

\ (netpcmr estlmated)1800= $

j

1

I
j

I

I

I

(53)beccmes

[ J
(powerobsermd)3600+ (sM 10SSeS)3@o

(am losses)~~oo

(driving-fluidlosses)~~oo



50 NACATNNo.1807

At180°admission,a correctedrotorspeedof8650rpm,& a
total-pressureratioof2.0,

(powerobserved)3600= 365hp,fromfigure8

(P~Piw1°ss)3600= 0,fromfigure9(c)

(bearing10SS)3600= 6.9hp,fromfigure9(b)

(P~P@3loss)~800= 1.5hp,fromfigure9(c)

(dri~-fluid108S)~800= 19.8hp,fromfigure9(d)

Therefore

(estimatedpower)~800.~ (365+6.9)-(6.9+1.5)-19.8

= 157.8hp

Becauseallquantitiesusedwerecorrectedto standardsea-
levelconditions,theestimatedpowerfor 180°is at standardsea-
levelconditions.

EsthnationofEfficiencyat180°Admissi&

Theover-allefficiencythatmaybeexpectedata givendegree
ofadmissionmaybecalculatedfromequation(33)oncethepower
forthesameoperatingconditionshasbeenestimatedforthatdegree
ofadmission.

At180°admission,equation(33)beccmes

.

.

—. -— -–.– --—— ——- ——
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~~800 = 157.8hp

’3600 = 365hpfrcmfigure8

~‘3600= 0.755fromfigure8

= 0.653estimatedefficiency

Bycomparisonwithfigure11,itmaybeseenthatthe
estimatedefficiency0.653isincloseagreementwiththevalue
actually

1.Grit,

—
obtainedbytestfor 180°admission.
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VP
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(a)Upstreamview. c-19004

6.16.47
Figure4.-~ozzle-inletBeotlonofturbinewithbatl’le❑8_tS imtalledforrungwith

gasadmissionover1200ofnozzleperiphery.
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-6. - Over-alltestsetupusedI’orpartial-edmimionimveutigatloa.
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